Objective To determine the frequency and clinical relevance of immunoglobulin (Ig)G, IgA, and IgM Nmethyl-D-aspartate receptor (NMDAR) antibodies in several diseases, and whether the IgG antibodies occur in disorders other than anti-NMDAR encephalitis.
The identification of antibodies against the N-methyl-D-aspartate receptor (NMDAR) and other synaptic proteins in neuropsychiatric diseases previously considered idiopathic has disclosed immunopathogenic mechanisms with important clinical implications. 1 These findings resulted from (1) a "clinic-to-lab" approach centered in the study of patients with syndromes of unclear etiology in order to identify the underlying mechanisms (e.g., autoantibodies) and treat them accordingly, and (2) the use of rigorous criteria for antibody diagnosis, including cell-based assay (CBA), immunostaining of brain sections, and live cultured neurons. 2 When these criteria were applied, the diagnostic value and syndrome specificity of the antibodies were enhanced. Subsequently, several studies have challenged the specificity of NMDAR antibodies. [3] [4] [5] [6] Different from a clinic-to-lab approach, these studies screen for antibodies irrespective of the patients' disease, often using a single test (CBA). This single-test approach, either with fixed 3, [5] [6] [7] or live cell CBA, 8 using serum only and without confirmatory studies, has produced an extraordinary variability of findings among investigators and has suggested the presence of NMDAR antibodies in patients with a wide range of diseases 3, [5] [6] [7] [8] and in healthy persons. 5, 9 Additional confusion comes from studies that do not clarify the clinical features, or mix the findings of the different antibodies (immunoglobulin [Ig]G, IgA, IgM). 3, [5] [6] [7] Here, we took a similar approach and examined the presence of serum IgG, IgA, and IgM NMDAR antibodies using CBA, but also including confirmatory tests in 300 patients with different diseases. In addition, we reviewed our experience with 14,475 patients investigated for IgG NMDAR antibodies since 2005. The findings are important because they show remarkable differences concerning syndrome association, diagnostic utility, and pathogenicity among the 3 indicated classes of antibodies.
Methods

Patients and samples
Given that most of the studies examining IgG, IgA, or IgM antibodies in diseases other than anti-NMDAR encephalitis only used patients' serum, we used a similar approach on sera of 300 randomly selected patients, including 60 with anti-NMDAR encephalitis, 10 90 dementia, 50 stroke, 50 schizophrenia, and 50 possible autoimmune encephalitis without autoantibodies, defined as reported 10 (supplemental material, links.lww.com/WNL/A364). For patients with encephalitis or stroke, serum was obtained at the acute stage, and for patients with chronic disease (dementia, schizophrenia), it was obtained at the time the diagnosis was established using standard clinical tests (dementia) or DSM-IV-TR (schizophrenia). Among patients with anti-NMDAR encephalitis, we randomly selected 40 sera from patients with IgG antibodies in serum and CSF, and 20 sera from patients with IgG antibodies only in CSF.
NMDAR antibody determination, Ig classes, and antibody effects on cultured neurons Considering that the CBA for NMDAR with fixed HEK cells is widely used in clinical and commercial labs, and in the published studies on IgA and IgM antibodies, we designed an algorithm of antibody testing starting with this technique. All 300 serum samples were examined specifically for IgG, IgA, and IgM NMDAR antibodies in CBAs (representing 900 CBAs). In parallel, all 300 samples were examined for brain immunostaining as a confirmatory test, using an IgG biomarker that potentially identifies IgA or IgM antibodies (secondary antihuman IgG antibodies with potential crossreactivity with IgA or IgM) (figure 1). Subsequently, all samples positive in any of these assays (CBA or brain immunostaining) and 50 randomly selected samples negative in both assays were examined in a second round of brain immunostaining with IgA-or IgM-specific secondary antibodies. Next, all samples positive by CBA or brain tissue immunohistochemistry were examined for cell surface reactivity with live hippocampal neurons. Finally, a representative sample positive for IgG (used as positive control) and all samples positive for IgA or IgM NMDAR antibodies (confirmed with at least 2 independent techniques) were investigated for pathogenic effects on cell surface NMDARs (total and synaptic).
Details of each technique have been reported and are described in supplemental information (links.lww.com/WNL/ A364), including an in-house CBA upon which a current commercial test was developed with mild modifications (a validation study showed similar specificity for anti-NMDAR encephalitis 11 ), brain tissue immunohistochemistry, antibody binding to live cultured neurons, 2 epitope region analysis, 12, 13 and antibody effects on the levels of total and synaptic NMDAR. 14, 15 Investigators assessing the results were blinded to clinical information.
NMDAR antibody-positive patients identified in our laboratory
We reviewed the diagnoses of all patients with IgG NMDAR antibodies identified in Hospital Clínic, University of Barcelona, and the University of Pennsylvania since the initial study that led to the discovery of anti-NMDAR encephalitis. 16 During the first 3 years, all patient samples were investigated with 3 techniques, including brain immunostaining (in which the antibodies of patients with anti-NMDAR encephalitis produce a highly characteristic pattern), CBA (that establishes the identity of the antigen), and live cultured neurons. 2, 17 This experience, including that with the first 100 consecutive patients, was reported 2 and showed that immunolabeling of live neurons was always positive when the antibodies were demonstrated with both CBA and brain immunostaining. Therefore, we have since used both CBA and brain immunostaining as obligatory criteria to define serum or CSF positive for NMDAR antibodies. Cases with discordant results (;7% sera; <1% CSF) are retested and, if needed, resolved with live neuronal staining.
Since 2005 until May 2017, 14,475 patients representing a wide variety of diseases (among others paraneoplastic, autoimmune encephalitis, multiple sclerosis and other demyelinating disorders, prion diseases, neurodegenerative diseases, peripheral neuropathies, viral encephalitis) have been examined for neuronal antibodies. Of these 14,475 patients, 8,361 and 100 healthy controls were simultaneously studied with CBA and brain tissue immunostaining irrespective of the disease or reason for consultation (approach used by J.D.). The other 6,114 were investigated in a sequential manner, including first brain immunohistochemistry, and if this was positive, the identity of the antigen was confirmed with CBA (approach used by F.G.). Two hundred sixteen patients with anti-NMDAR encephalitis were clinically studied by the authors.
Standard protocol approvals, registrations, and patient consents Patients' serum and CSF samples are deposited in the collection of biological samples named "Neuro-immunology" registered in the Biobank of Institut d'Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS) or the neuroimmune tissue bank at the University of Pennsylvania. Written informed consent for the storage and use of samples for research purposes was obtained from patients. The study was approved by the ethics committee of the Hospital Clínic of Barcelona and the institutional review board of the University of Pennsylvania.
Results
Among the 60 patients with anti-NMDAR encephalitis, serum CBA confirmed that 40 had IgG antibodies against the NMDAR, and 10 of them had additional IgA or IgM antibodies. The other 20 samples were from patients known to have IgG NMDAR antibodies only in CSF (serum IgG negative) and 1 had IgM antibodies in serum. Among the 240 patients with diseases other than anti-NMDAR encephalitis, 11 had IgA, IgM, or both classes of antibodies, but none had IgG NMDAR (table 1 and figure 2, A-F). Because commercial antibody tests often use high serum concentration (dilution 1:10) instead of our standard dilution (1:40), we repeated all studies at this dilution in 50 randomly selected samples for CBA IgG, IgA, and IgM (n = 150 assays), and all showed similar results to those found with 1:40 dilutions (data not shown).
Parallel studies using brain immunostaining with samples from all 300 patients showed that 40 (corresponding to the same positive by CBA) had IgG antibodies that produced the characteristic pattern of NMDAR reactivity. However, among the 22 IgA or IgM CBA positive samples, only 10 showed IgA or IgM brain immunostaining (figure 2, G-L). None of the 50 randomly selected cases that were IgA or IgM CBA negative showed brain immunostaining. Overall, these data show that Table 1 Determination of serum IgG, IgA, and IgM antibodies to NMDAR in 5 disorders NMDAR ( figure 3) . Moreover, when the reactivity with previously described GluN1 subunit mutants was compared between 3 samples of patients with only IgA or IgM antibodies and the IgG antibodies of patients with anti-NMDAR encephalitis, the epitope repertoire was different; the IgA and IgM antibodies recognized the "G369I" mutant whereas the IgG antibodies did not. This is in line with previously reported studies.
12,13
Lastly, we reviewed the clinical diagnoses of all patients with IgG NMDAR antibodies identified in our centers (Hospital Clínic, University of Barcelona, and University Pennsylvania) since 2005. Of 14,475 patients whose serum or CSF was examined for neuronal antibodies, 1,147 had IgG NMDAR antibodies; of these, 971 were identified among referrals to J.D., mainly focused on CNS inflammatory diseases, and 176 among referrals to F.G., focused on a variety of diseases. None of the 100 healthy controls had NMDAR antibodies. The clinical features and follow-up on many of the IgG NMDAR-positive patients have been included in previous reports. 18, 19 Here, we focused on whether there were patients with IgG antibodies identical to those found in anti-NMDAR encephalitis 2 but who did not have this disorder. Table 2 shows that patients with IgG NMDAR antibodies segregated in 5 groups: (1) 1,015 (88.5%) developed a typical syndrome of anti-NMDAR encephalitis (as reported in reference 20); (2) 45 (3.9%) showed monosymptomatic or highly limited symptoms, mostly psychiatric, 21 which otherwise are typical of anti-NMDAR encephalitis; (3) 41 (3.6%) developed autoimmune encephalitis post-herpes simplex encephalitis; (4) 37 (3.2%) showed overlapping syndromes (anti-NMDAR encephalitis and demyelinating disorders); and (5) 9 (0.8%) developed encephalitic syndromes atypical for anti-NMDAR encephalitis. The median age of these 9 patients was 33 years, 6 were female, and all had NMDAR antibodies in the CSF. Two patients have been reported, 22, 23 and the others are described in table e-1 (links.lww.com/WNL/A363).
Discussion
The main findings of this study show that, (1) IgG NMDAR antibodies in serum or CSF are highly specific for the syndrome of anti-NMDAR encephalitis; only 0.8% of the patients had atypical symptoms, which always occurred in the context of CNS inflammation; (2) IgA or IgM NMDAR antibodies occur infrequently and nonspecifically in patients with or without autoimmune encephalitis (e.g., stroke, dementia), and the epitope repertoire is different from that of IgG antibodies of patients with anti-NMDAR encephalitis; and (3) in cultured live neurons, IgA or IgM antibodies did not alter the levels of NMDAR, whereas IgG antibodies caused a significant decrease of synaptic and extrasynaptic NMDAR.
The robust association of IgG NMDAR antibodies with the syndrome of anti-NMDAR encephalitis replicates our initial studies. 2, 24, 25 This disease occurs with a characteristic spectrum of symptoms and less frequently with limited or monosymptomatic manifestations. 20, 26 Only 9 of 1,147 patients (0.8%) with IgG NMDAR antibodies showed symptoms that were atypical for anti-NMDAR encephalitis. These 9 patients had clinical, MRI, or CSF findings suggestive of an inflammatory CNS disorder without other diseases that could be potentially linked to the antibodies. In addition, 41 patients had NMDAR antibodies in the context of autoimmune encephalitis post-herpes simplex encephalitis. Data of some of these patients have been published, 18, 27, 28 and the remainder will be reported as part of an ongoing prospective study. Long-term follow-up (>2 years) of 312 patients (277 in references 20, 35 unpublished) showed that none developed schizophrenia despite that low antibody titers are often detectable for months or years. 13 Our results are different from those of reports suggesting the presence of NMDAR antibodies in 10% to 22% of patients with a wide variety of diseases. 3, 5, 6, 9, 29 The reasons for these discrepancies are unclear, but several possibilities can be considered, such as patient selection, the lack of cross-validation or confirmatory studies, the use of different types of CBAs, and the investigators' experience interpreting the CBAs. It is unlikely that patient selection has a major role given that the indicated reports found NMDAR antibodies in the same proportion of patients across all diseases studied as in healthy participants.
In the current study, the focus of one of the investigators (J.D.) on inflammatory and autoimmune CNS diseases represents a referral bias, but the cases referred to F.G. include a wider spectrum of diseases of the central and peripheral nervous system (listed in methods) and, in this setting, the detection of IgG NMDAR antibodies remained tightly associated with anti-NMDAR encephalitis.
The need to use cross-validation studies for serum IgG NMDAR cannot be overemphasized. 30 In a study of 312 patients with schizophrenia in which the serum CBA result was ambiguous in a few cases, all were negative when verification assays were applied. 31 Using the same commercial CBA, other authors found that approximately 1% of patients with a wide variety of diseases and healthy participants had IgG NMDAR. 3 Later, the same authors suggested that any person between the ages of 40 and 80 years has a 10% to 20% chance of being seropositive for any class of NMDAR antibodies. 5 This extraordinary variability of results among investigators using the same commercial test is most likely influenced by differences in the CBA interpretation. It has been suggested that CBA with live cells may improve disease sensitivity but in a study using this approach, 23% of patients considered to be NMDAR antibody positive did not have anti-NMDAR encephalitis or even an autoimmune disease. 8 In the current study, we used an in-house CBA (the same test that led to the discovery of anti-NMDAR encephalitis) 2, 17 instead of the commercially available CBA 11 or a live cell CBA, 8, 32 and this may be perceived as a limitation. The focus of our study is not the revalidation of our CBA or that of others' but to raise concern about the diagnostic disease specificity of any CBA when only serum is used without confirmatory assays. Patients are tested worldwide in a variety of laboratories, many using the commercial CBA, and a few using in-house live cell CBA. Data reported from those laboratories, 3 ,5-8,31,32 as well as our current and previous 13 support our conclusions about the problems derived from using any CBA with serum only without supportive tests.
Experience using CBA is important but one is not fully aware of the limitations of this test (particularly at low serum dilution such as 1/10 or 1/40) until confirmatory studies are run in parallel. When we tried to confirm the serum CBA results with immunostaining of brain sections and live neurons, the initially considered IgA-or IgM-positive cases dropped from 22/300 (7%) to 7/300 (2%), or from 11/240 (5%) to 4/240 (2%) when patients with anti-NMDAR encephalitis were excluded. Most of the previous reports on IgA and IgM antibodies did not systematically use supportive investigations and focused on patients without anti-NMDAR encephalitis, 3, 6, 9, 29 likely explaining the difference with our results (10%-20% vs 2%). A study showed that some patients with progressive cognitive decline developed IgA NMDAR antibodies. Cultured neurons exposed to the IgA of some of these patients showed a remarkable decrease of NMDAR and other synaptic proteins. 33 We did not find this effect in the 2 cases we studied with IgA antibodies; the reason for this discrepancy is unknown.
We found that IgG from patients with anti-NMDAR encephalitis, but not IgA or IgM antibodies from patients with other diseases, caused a significant reduction of the levels of synaptic and extrasynaptic NMDARs. These findings are different from those of a recent study using round-shaped cells considered to be human cortical neurons derived from pluripotential stem cells, showing that after a 30-minute incubation with IgG, IgA, or IgM antibodies from patients with any disease (followed by a 20-minute incubation without antibodies), there was decreased availability of NMDAR on the body cell membrane. 5 These early structural effects are surprising and may represent antibody-independent effects or a yet unknown antibody. In our experience, using confocal microscopy, bona fide cultured neurons, and IgG from patients with anti-NMDAR encephalitis (or a human recombinant IgG NMDAR), 34 the antibody-induced reduction of the level of NMDAR becomes detectable after >2-hour exposure, reaching a maximal decrease at 12-hour exposure. 15 We obtained similar results at the nanoscale level, using superresolution stochastic optical reconstruction microscopy, where the earliest detectable effect (clustering of receptors) is noted 2 hours after antibody exposure, preceding the internalization of NMDAR (data not published).
The current findings and previous reports show that serum IgA and IgM NMDAR antibodies do not associate with any specific syndrome [3] [4] [5] [6] 9 regardless of the technique or laboratory used, remaining to be shown whether they have any clinical value. Despite this, some investigators have suggested that these antibodies may aggravate coexisting diseases (schizophrenia, stroke, neurodegeneration) and place approximately 10% of healthy persons at risk of developing neurologic symptoms if the blood-brain barrier is disrupted. 5, 9 To confirm these hypotheses, it is critical to, first, characterize the antibodies beyond CBA (e.g., brain and live neurons immunostaining); second, demonstrate that the antibodies reach the CNS in patients; and third, show that they consistently associate with a specific set of symptoms or comorbid disease. There is precedence for antibodies that in experimental models suggested pathogenicity but did not prove out on clinical grounds (e.g., GluR3 in Rasmussen encephalitis, 35, 36 or GluN2 in lupus 37 ). Similar caution should be taken in the interpretation of the findings of a recent study in which 19% of patients with schizophrenia and 3% of healthy participants were found to have IgG NMDAR antibodies in serum. Although the IgG of those with schizophrenia caused a decrease of levels of NMDAR in cultures of neurons, the clinical implications are still unclear. No distinctive symptoms were identified in patients with antibodies, and in contrast to patients with anti-NMDAR encephalitis, those with schizophrenia did not have antibodies in CSF, had consistently very low levels of serum antibodies (not visible in peroxidase brain immunostaining), and the epitope regions appeared to be different. 38 As for the diagnosis of anti-NMDAR encephalitis, there are reliable criteria that assist in identifying the disease on clinical grounds 10 and highly specific antibody tests to confirm the clinical diagnosis. 2, 13 If serum is used with a single technique (CBA), the risk of false-positive results for the diagnosis of anti-NMDAR encephalitis (e.g., misinterpretation of the test, or antibody detection without disease association) 8,31,39 and false-negative results (e.g., because of antibodies only present in CSF) 13, 40, 41 increase regardless of the CBA or laboratory used. Previous studies and many case reports have shown the superiority of CSF for the diagnosis of this disorder. 13 Analysis of CSF provides highly reproducible findings regardless of the CBA 13 or laboratory used, and confirmatory tests are rarely needed. If serum is positive but the CSF is negative, the serum finding is probably a false result or the patient does not have anti-NMDAR encephalitis. 
